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A proposed tczhniquc for con)pw.sating,  gravi[y  -
inducmi structural cicformations  on Ihc main rcftcctor of
a larfy  apcrlurc anlcnna is to ulilim  a (icformablc  flat
p]alc. (1 )IJ1’)  installed at onc of the Il]irror  locations ill
(hc beam wrrvcguidc optics. An initial 1OW-COSI

dclnonslra[ion of the tcchniquc  was ])crforlac(i at a
34-nlclcr  beam wavcguicic (IIWCi)  antenna using a fixed
elevation angle. and a manually adjuslab]c.  l)l;l’ with 49
mgulaf 1 y s~)accd actuators. “1’hc cffc.c[ivc. RMS surface
c.rror was improved from 0.59 mm for Ihc ini[ial no-
corrcc[ion flat plate 10 0.49 mm for Illc initial
analytically-derived correcting surface, and finally, m
0.36 mm for the hologmphy-derived l)IJP.  ‘1’his  would
rcprc.sent a gain inqwovcmcn[  of approximately 2.0 dIl
at 32 Cil I?.. An automa[cxi 1>1~1’ wilt] 16 aclua[ors  in
oplimi>cd locations has 1 !-cl) assembled with 2 nlillor
surface RMS [hat mc.asurcs within 0.28 mm of tl)c
]cquimd  comlmsaling  surfac.c.

At tbc N A S A  I>ccp Space, N e t w o r k  (I)SN)
[iokktonc  COInplcx,  lmatcd  in the Mojavc IJc.scrt ill
C a l i f o r n i a ,  a 34-n~ctcr-clian]  ctcr llWCi anlc.nl]a
(1) SS- 13) has bccomc an integral ]MI of an advat]ccd
systems program and a LCSL  bed for tccbnologics bcilig
dcvclo~)cd 10 introduce Ka-band (32-G] Iz) frcqucncics
il][o the INN.  A llWCi feed systcm is compo.scd  of onc
or I]lorc fcf4ihor]ls  wilh a series of flat and curve{i n]ir  Iors
arIanfyxi  so li)at power can bc ]nopafyrtc41  ftom the im[l
lhroagil Iilc mirrors wi[il I[lini]liurn losses. l]orlls alt(i
c.quipn]cnt  can bc locatcci in a large strrblc cnclosurc at
an acccssii)]c  location. ‘1’hc an[cn]la  cfficicllcy  at
34 [i}lz. was foun(i  to dcj}cl]ci s ignif icant ly 011 tt]c.
clcva[ion  anf:ic, i.e.., i[ dccrcasc{i  frou)  45 to 35% as tile
clcvalion angle ci]angcd from 45 10 20 (icfyccs. ‘1’bis
c.lc.vaiirm angic dc.pcndc.nc.c is (iuc to tbc deformation of
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[ilc main rcfleztor cause.(i by the resulting ci]angc in
fgavita[ional  force app]ic(i  to the antenna slruc[ arc.

A proposed [cdmiquc  fol- compensating gravity-
induccd Structural cicfcmnatiorls is to utiiiy.c a l}l;l’
ins[alled at one, of the mirror locations in ti]c bcarn
wavcguidc optics. An initial low cost demonstration of
tim tc~imiquc was performed at 1) SS-13 using a fixc.(i
cicvation allglc aud a manually adjustable, lll;}’  with 49
rcgular]y spaccLi acluamrs.  in previous IX+’, the actuator
locations arc ty~)icaliy arfal]gcd  in a I)rc.(ic[crl]]illccl
])allcra. la Lilis a p p r o a c h ,  li]c ac[ualor  IOCatiot]s arc
01)li1aizc4i accmiing 10 the Icquircd  contours, thus
rc(iucing  the number of required actuators whiic
ma in t a in ing  tile ncccssary  icvci  of ])crformancc.
Ivficrow:ivc  hoiographyj  was usc(i at an elevation an.gic
of 12.7 -dcglc&s to c)btain a surface distortion map of ttIc
tnain rctk !or: 1) \vitll an un(il ,lorlcxi  flat ]~ia[c, a n d
2 )  :if~cr ti]c caiculalc~i corfcztion  ilaci bccm aiq~lic~i K)
Iim I)I:J’. Near-real-time imiop.rapily  was tilcn USC41 to
a(ijast the surface, to obtain the lowest Rhfl S surface
cl[or obtrrinabie within ti)c sl]ort  lirnc available for the
cx]w.rin~cllt. ‘1’hc cffcc[ivc RMS surfac.c cr[or w a s
ila~)rovcd floln 0.59 ralll for lhc initial no-corlcrtion
flat plate to 0.49 mln for the initial analylicxiliy-dcrivcr.i
corlc~ling surface, and finaliy, to 0.36 nl]n for the
ilo]ography-derived 1)1;1’.2 ‘J’i~is woui(i  re.present a gain
itli~mwcmc.nt  of zipproximatc.iy  ?..0 d}) at 32 ~ill~. ‘J’his
Jmobicrn  of elevation angle efficiency {icpc.l)(icncc aiso
occurs at Lhc NASA 70-meter antcnrra. Bczausc of the
larger structure, the efficiency (icpcmicncc is c.vcn g! eater
going from 35% a[ the 45-(icgrcc  rig~ing arlglc to 15%
at 20 (iegrcm. As a solution for botil systems, a fully
actuated IJl;l’ is being designed and built. ‘J”hc same
]da[c will bc tcs[c{i ill both lt IC 34- and “/(]- tnc.lc.r antc[!llas.
Ciain illl])rovcnlcllls  of 12 dll arc c.xl)cClc41 for lhc
34-Illctcr ai]tcnna, al]d rnolc lhan 3 (ii] at low- a]l(i i]igi]-
cicvation angics for the 70-nlctcr  antenna.

Ai’’lROAclI

‘J’hc approach takca was to [horoughly  ml tiw
con]poncnLs  an(i assembly procedures of the piarmccl
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1)1 ‘1’ with a Iwoaclualor  fixtllrc 10 verify Pcrfonlmncc
and minimizn risk prior LO installing the fully actuated
plate on the antenna. Analysis to dctcrminc optimal
achrator placcmcnt  was done concttrrcntly  with the
conqmnc.Jlt  lcsling with the inlemt of completing the
analysis and the prC]ilnilK+ry  [cSting Simultancous]y.  ]Jl
Ibis manner, Ihc actuator location design and Ihc
hal d wa]c scklion  and vcriflca[ion  would bc comp]clcxi
at the same time. AIIhough Lhis appr~?ch  minimimd
lhc lime 10 dcvclopmcnl,  ii also Jneanl prc]iminary  tcsling
was dol)c with approximations in Icnns of expected loads
al Id ddkxlion pat lcrn. ‘J’hos, the component tcs[ing
used c,xlrcmc]y  con.scrvativc  values  with good rcsul[s.
A lab prototype utilizing the. sclrx[ed hardware and
asscmb]y Lerhniquc  was built and tested. The data gained
from the lab mode] will 1X used to modify modeling
assu]np[ions  to provide more accurate input into Lhc
optimization program. Aficr comparing cx~wrimcntal
an(i analylic.al  Icsult.s  and a(ljusling the analytical mode],
a final actuator dcsigrr  will bc dc.vclopcd  for installation
011 thC 34-meter antenna.

wJNIUQl!@l!U!!UIQIQIUQIH’QUR

“I”hc plimary rcfhxtor  on DSN antennas is dcsigocd
with a lk~cknp structure suppofling rcfhxtivc  panels. ‘1’hc
pane] mounts arc adjustable a]ld typically the panel
positions arc optimized, in terms of surface displaccrnc.nt
error, with the m till rcflcztor at a 4S-d ‘gycz-elevation
angle. l’his gives oplirnuln arrtcnna  performance at 45°,
which degrades as Lhc elevation angle move,s away fron]
45° due to rcftcctor  deformation from gravitational
forces. The dcforlnab]c mirror can c.om]m.sate for the
rcflmtor  dcforjnation by csscntial]y  corlc.cting L}IC pa[}i
lcl]gth error over tbc rcftcctor surface. I“hus, the desired
I[lirlor contour at a particular elevation is rcla[cd 10 lhc
deformation of the primary reflector at that sctling.

‘J’hc mirror contour for compcljsation  on the
34-mc.tcr ante.rrna was derived by analysis using
measured path length errors as dclcrmincd  by a
combination of thcodo]itc  and microwave holography
nleasurcmcnts.

14NA1.YsfiJ@R ACUhiTQRl?LACIMEN’I

‘J’hc  ac[l)ator p]accmc.nt  i s  dctcmlincd  using a
simulated aru-rcalirlg algorit)un,3  which can provide mar
oIJ(i]lml results with minimal computational time. As
Cach JICW acluator  conf]guralion  is considered within
lhc q)[imi~. ation routine, the relationship bctwccn
acluator kavcl  and overall p]a[c deformation must k
cvalualcd. 1 lowcvcr, the act of selecting ncw aclualor
locations mczms the slructurc has changed and a ncw

sliffnms nlatrix is required and a dis])laccmcnt  solution
must bc calculated. To rnininiim computational time,
Lhc structure stiff[lcss is partitioned according to possible
achlator IOc.aliens and the remaining sh uc[urc.  By using
static condensation on the parlilioncd matrix, only a
small subset of the full stiffness matrix undergoes
rcj)catcd  solving during [hc i[c,rativc  optimization
proccdu( c..

Start will] the compatibility equation, the forcc-
displaccmcnt  relationship, and the force equilibrium
cqrration:

A =- BU (1)

I’z K(A - AO) (?.)

F = pl”l’ (3)

where A is the vcclor of clcrncnt disl)laccmcnts  in local
coordinates, u is the vector of nodal disp]accmcnts, 1’ is
the vector of clcmcnt forcm, K rcprcscnts the asscmb] y
of the singular clcmcnt stiffness matrices, F is the vcztor
of e.xtcrnal nodal forces, and ~ relates the clcmcnt local
dcgrccs of frcdom (dofs)  to lhc global  dcgrccs of
freedom. In this application, A. rcprcscnls the initial
actuator lcng~h charrgc.  tJsing equation (2) in (3) and
rc~ )~[}iz.ing  [hat II’ =. 0, gi~ cs:

p7”K(A  - AO) ~ 0 (4)

USC equation (1) in (4) and solve for u to get:

U = K;]@ A’AO (5)

W]lc,rc  Kc; is Ihc global stiffnc.ss  matrix. ‘J’his dcfincs
the nrxkil displaccmcnls  in lcrlns of :hc actuator irlitial
lcrrglh changes. P21ch  time a ncw corlfiguraliorr  of
actuators is sclczlcd, Kc; charrgcs.  ‘J’hc optirni~.ation  is
an ilcrativc prcce.ss requiring rcpca(c.d invc,rsion  of K(J
if Ihc currclll forin  of LJic,  c,quations  is used. ‘J’hc. sti fflmss
malrix, Kc;, can bc quilt large for a plate Jnodcl wiLh
enough resolution 10 ~mwidc.  the deformation accuracy
dc.sired thus nlaking the, optimi~.ation  proces quite time
consuming. By reordering and partitioning the matrices
ill cqufition (5), Lhc rcsultwlt lnalrix  equation to bc solved
can bc redrrccd  in sim

Start by examining fJ7KAo. As showrl  in c.cJuation
(l), ~ rclatm the clcrncnt local dcgrccs  of freedom to
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the global dcgrczs of frcmloj  n. l~or clarh y, first or dc.r
Lhc sys[cm dcgrczs of frccclon] in the following mamlcr:
1) out-of-plane dofs and 2) remaining dofs. Order the
clcmcrrls  considered in K with actuator clcmcnts first,
then plate clcmcnts. ‘l”hc actuator clcmcnts arc rod
c.lcmcn~s with only an axial dcgrcc of freedom which
]miIlls  ill lhc out-of-plane dircclion. Ihc P matrix is a
slmrscly populate.d matrix with entries dcfi[lcd by the
geometry of the systcm. l{y ordering it in the mannc.r
dcscribcd, the first na rows, where na rcprcscnts the
number of actuators looks like:

[’P] (6)

where 1, the idcnLity matrix, is no by na slid the ri~ht
hand side is a na by (zd + Td)  z.cro matrix where Z.d is thc
nunlbcr  of out-of-plane (Jcgrccs of freedom in lhc
problcm  and rd is the nrrmbcr  of remaining dcgrccs of
freedom.

Next, consider the form of K, Lhc clcmcnt stiffness
matrix. Since the equations arc ordered by actuator
clcmcnls  frrst, K is constructed as follows:

[JK. O-

0 KR
(7)

WIKIC.  Ka is lhc ;Ja by nd JImtrix wi[h .!ia~cn]al cll[ric.s
(AIi)ifl .i corrcsI)onding  to tlIC ih actuator .  Kk is tl]c
c]c.mcnl stiffucss matrix of lhc ]datc.

l;ina]]y, c o n s i d e r  AO, lhc vector  of  initia]
displaccmcrm. In this problcm,  lhc. initial actualor  lcnglh
clmrlgcs make up the first na Cr]trics of ~ and lhc

.
rcrnaindcr of the vector is null. Whc.n forming ~’ KAO,

the rcsn]tant  vector, ]’* , has JIon. zero c.rltrics orl]y in the
top na places. ‘J’hcrcforc, c~llation (S) can bc rewritten
as:

‘1’his  call lx ~]at[i[ioncll il}lo [hc 011[-of-p]anc  dcgrc,cs of
f[ccdorn and the remaining dcfyccs of frccdorn:

h’(;?p remains unchan~c41 for all actuator locations and

f’; = O. ‘J’hcu

Kci21 J4 - o+ KG22U2  -

and

( lo)

(11)

Using equation (11) in the toJJ set of cqua[ions in
cquaticm (9), gives

( 7 - 1  KKq t - KG~2hG21 )(;2 ~ U1 = 1’;
(12)

KRuJ =- l’;

where KCq2 need only bc invcrlcd  once. MOIC

irllJxmtan[ly, since KG1 is the only term affcctcd  by
the actuator IOcatior]s  ~lc rcduccd matrix, KR can bc
rnodificd dircxlly as actuator JIOSiticrnS  arc changed.

Solve for u] and express as:

u] = s 1’; (13)

in c.c]uaticm (13), i’; is a ndof lcv)glh wxlor  with norl-
74, u c.1111  ic.s al lhc dc.fy c,c.>  of frc.c~lwil  corl csjrolidiilg  10
the actuator JmitioIm. ‘1’hc.rl ttlc actuator induced shq)c
will k

where So contains the na columns of S corresponding to

ttlr lIOJ1-XIO CIltriCS  ~’~, iS t}lC JIOJ1-7.CrO  J)OJtiOn Of ]’*.
1,c.[  the dc.sired shape bc. Ud.  1 ‘or the best fit 10 UC,,
nlinimiz.c  the crrcx bctwccn Ihc clc.sircli  shaJ)c ai]cl the
actuator incluccd shape, Ug. ‘J’hc objcctivc function in
the o~~timization routine is

J= (U d - UJ(ud-  U8) (15)
miJl

Millinlixillg with rcsJrcct  to 1’0 gives

(16)
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lJsing this fo~ lnulation, the slcps Ilcr.cssary  at each
ikvlrlion arc

1) Sclczl actualor locations

2) Add the actuator stifflmscs  il]to KG

4) Solve for Pa

5) Calcnlatc  Ug, J

~’hc physical constraints of the hardware, such as
minimum spacing bclwccn actuators, maximum actnator
travel, and maximum actuator force arc included as
cons[mints  in the optimization routine.

‘Jhc design criteria used for hardware selection were
IIMt it must mccl the contour rcquircmcnts, bc reliable,
and be COS[  cffcctivc. A tcs[ program was imp]cmcntcd
[0 assure lhc first Iwo rcquircrncnts.  Usc of proven, off
the shelf components furlhcr  supports the lasl two
rcquirwncrrts.  A two stalion (two actuators) dcvicc was
used for initial tcsling bccausc it is easier to modify,
~mwidrs  [hc ncccs.sary  data, and in LhC event of a failwc
offers lCSS financial exposure to the program than does
[cs[ing  on the final sixtrxn-sta[ion  dcvicc.

‘1’hc actuator chosen consisls  of an A(2 stepper
nlo[or, driving a Ji’1. designed doub]c screw-thread final
stage. through  a gcarhcad rcduciion. The double screw
thlcad final cru[put suppor[s  Lhc rcf]cctivc surface and
reacts sirtc loads without putting the motor output shaft
in bending, which could cause the motor to stall.

“1’hc mirror surface sclcclion  is based on LIIC

deformation rcquircrncnts  as well as Rli (radio fnxprcncy)
considerations. The material propcr[ics  and shccl
[hickncss  arc chosen to avoid a “tent pole” effect around
Ihc. actua[ors while minimizing lhc axial and la[cral forces
or] lhc aclualors.

‘l”hc actuator attachments to the plate, arc limited to
mcthocls  tha[ would not intro(tucc any discontinuitics  on
Ihc f[ont surface of the plate which would dcgmdc the
Rl; Pcrforlnancc. Adhesive bonding was SCICCICA  to
rcducc sulfacc dcforination that can bc gcncralcd  b y
welding. ‘1’hc adhcxivc  bonding process was approached
cautiously, sillcc an earlier cxpcrimcnl hart rrlicx])laitlcd
beading fai]urcs.

IMkwd.XW  riMiQr2

lhcrc arc four signific.aul  components in the mirror:

1)

2)

3)

4)

Rcflcclivc sul face

Actuator and drive motors

Position foxtback  system

Motor controller

“J”hc.sc cxm~~mrmlLs arc dcscr itzd below.

~~ficc~iv~ Surface and AttachmcM

“l”hc thickness and alloy of the rcfhxlivc  ptatc were
the firsl design criteria to bc dclcrmined. A thicker
alui]linum surface would require higher actuator forms
to dcftczl the plate in[o [hc desired contour. Atso, hi.ghcr
s[rcsscs  would bc induced in a t}lickc.r  mirror for a given
conlour  ccmpartii  to a lhiru)cr  piatc. ‘J”hc bcnciii]g stress
mus[  bc kc~)t wc.ti below the yic.i(i smcng[h  of the matcriai
to ensure neither permanent deformation, nor fat iguc
failure, since the mirror will eventually cycle througil a
fatnily of contours as the antenna primary rcftcctor
rotalc,s aboul  (1IC ctcvation  axis during a tracking
oiwration.  A thinner material would have lower bcn(iing
strc.ssc.s and icwcr actuatol  forms, b ]t would bc II IOIC.
Iikcly  10 unctc.rgo a “tcm[ ])oIc” cffc,ct  w h e r e  t h e
rteflcc[ions  caused by li~c actualors arc higi]ly localized,
gcrwratillg a SLII face with disti[lc.t arc.as of (iis])iac.cmcnt
instead of a srnoolh ccmtour. (;ivcn tilcsc conslrainls,
tiIc. rcftcztivc  surface, or minor, was .sclcclcd 10 be a
0.68-m (27-in.) diameter, ?s.~-mnl-thic.k (().(k’10-in.)
(WOO-scric.s  alurainum  shccl.

A rc.liable method of allaching #16-32  studs to the
backside of the rcffcztivc surf:im  was anottlcr  issue to
bc invcs[igaled.  ‘1 hc following pararnclcrs  ncdcd to bc
dctcrmincd: 1) bond arc.a, 2) bonding a(ihcsivc,  and
3) strength of joint, including fatigue life. ‘ihc larger
the bonding area on the top of the screw, LIIC lower the
adtlcsivc stress lCVC1 and the greater the fatigue skcng[h.
nut a larger bcmiil]g area would also crcatc a larger
“flat spcr[”  on tiIc. surface; from an RI; viewpoint, a
slnalicr bond area was better.

liar]icr  apIjroachcs  used rnccilar]ic[il fastenings
(cornrlicrcially  avaiiablc “1’cm Studs”), which worked
rcasol]ab]y  wc]i but l)ro[iucc.d  soJnc iOCal S u r f a c e
distortion. ‘1’here were also arc.as of higil slrcss, whicil
Inay have tmn a precursor to fatigue faiiurc.  I’hcrcforc,
it was dcci(fc.d 10 create, a fiat surface on the hc.ad of a
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M-32 screw by installi])g  a precision countc.rsunk  wasl]cr
to the flat k-ad  screw and swuring  it wilh 1 octitc  and a
nut. ‘Jhc flat screw head and washer were adhcsivc-
boJIdcd to Ihc back of the rcflcctivc surface,  A
12.-/-Il]iclia[l~cErcEr  (0.5 -in,) precision aluminum bonding
ama was schxtui to provide an a(irxplatc. bond area
witllollt crealirlg  twl:lrgc ofa’’flatsJml”.  ‘I”hcadhcsivc
sclc.cIcd was }Iysol  EA9309.3NA,  an acthcsivc  with a
high shear and pcd strength with aluminum; this
adhesive has been u.scd successfully on previous Lasks.
Although more advanced adhesives were considcrcxi,
the decision to usc the }Iysol EA9309.3NA  was
]womptc,d  by the advantrtgcs  of using a familiar produc[
which hadasufficicn  [loadrnargin.  Dcstructivctcsting
of the joint  was carried out to validate this decision.

AclllalQ[wdlJtiGMQIL)!s

‘I’hc  actuatoris aJ}’l,ur]iqllcfl~sigtl.  “1’hccritcria
guidi[)g the acwrator design included: 1) required aciua[or
s[rokc, ?,) required aChla~Or force, 3) motor si~.c and
s~wtd,  and 4) actualor speed. ‘1’hc maximum required
actuator stroke was dcflncd  as 6.35 mm (0.25 in, ) at the
mirror surface wi[h accuracy to within 0.02S4 mm
(0.001 in.). In addition, Ihc design nccdcd to achicvc
llICSC two objectives while minimizing the movement at
the far end of the actuator so that the ovc.rali  depth of
the mirror assembly was not cxccssivc. ‘fhc installation
[m the 34-n, antenna requires 111:,[ the c.ntirc rnir[or
assembly romtc. l’hc ?O-m inslallatiorl  i s  sIJacc
constrained. An incrcasc in the assembly (icp[h
complic.alc.s the positioning and/or rotation of the mirror,

Af[cr  test verification of the spring rate of the mirror,
the hi~hc.s[ gear ratio (1 O: 1) for the srnallcst  available
]ndushial Drives ~orJwration  slcppcr  motor was sctcctcd
(11X Size 12). The siz~ of the motor-gcarhcad  was
kc.pt as sinall as ]mssiblc  to miniwim, weight .  q’hc
gcarhcad  ratio  was sclc11c4i  to k as high as possib]c
and provide sufficient speed to maintain the required
col)tour al all c]cvations during a tmck without lag. ‘I”his
high ratio maximi~,cs the output torque from the
gcalhead. l’hc final speed of the p:incl aclualor is
aJ)proxima[cly  2..54 n~m/s (O. 1 in./s).

‘l”hc J1’I .-designed por[ion of the actua[or  convc~ L<
rotaly motion to linear nlotion through a compound
screw arrangcrncnt with an cffcc.tivc pitch of 53 turns
J)cr’ inch of travc.t. “1’his combination provides a stall
force of 55.08 N (245 lbs). Assunling a peak mirror
force of 1.35 N (6 lbs), this is a margin of a]]~)roxinlatcty
40:1 against slalling the acluatc)r in normal opcrat ion.
IMring testing it was discovered that projmr lubrication
of the .scrcw thrcacls  in the JP1, actuator is critical, and

dc.sign adjustnmnts were made accordingly.

‘lhc actuator is atmchcd to the rcflc~livc surlacc
with a #6-32,  stud, which fits into a bushing that is
coaxially threaded will) a W32  internal screw thread
and a 7/16-2.0 external thrcari.  “I?rc bushing also has a
hex shape on one, cr)d M frLs irlto a coupling which has
a broached hexagonal (inLcrnal) hole into which tlIc
hexagonal cnd of the inner bushing fiLs. ~hc coupling
is attached to the output end of the commercial gcarhc.ad
stepper motor. The 7/1 6-20 threaded bushing fits into
anothc,r internally ttmaic-d bushing that attaches to the
driving base of the mirror. ‘1’his attachment design allows
the aclualor to accommodate a shear load; this is unusual
for a small acluator.

I’hc ]msition fcc.dtxrck systc.rn is provi(ic<i by 1,ucas-
Schacvitz 1.incarly Variable lJisplaccmcnt  ‘l”ransduccrs
(1-VD’l”S)  to obtain a direct mcasurcmc.nt of the actuator
travel witilout (icpcnciirlg on counting motor s[cps or
monitoring lhc number of stc.ps comman(icli.  The motor
controller is a commc,rcially available unit.

llXllRQfXDlEzANWlRESU411YilQDATE

~l~nd~d J@nt 1 oad  c~)~gi~

‘1’cst  panc]s tailorui  to aliow usc of cxis[ing fixtures
were fabricated usil]) the. sclcctcd adhcsiv:.  llysol  IiA
9309.3NA.  Sillcc the test fixture was restricted 10 a
101.6 mm by 101 .6n~m (4-in. by 4-in.) sprximcn,  forces
applied to the KXt panel would rcsul[ in less dcficction
than c.x~wctcd in tl]c large.r 14-station panel under a
comparable load. With lCSS deflection, lilcrc would bc
lC.SS S1OIW at the c.cigc of the bond. ‘l?lcrcforc, in order
to sufficicn[ly test peel Characteristics, test rnatcrial
thicknesses were sclcctcd to allow the same, slope at the
c(igc of the test panel bon(i as the slope at lhc C4igc of
the actual mirror bon(i. ‘1’cs1 strengths of 59.6 N (2?65
lbs) minimum were obtair)cd.  Assuming a maximum
mirror force of 1.35 (6 li)s), a n]argin  of over 40:1 agnims[
failure is achicvc.d.

&@C.d )Qill EQrQ&

A stroke of ~ 6.35 mm (0.?5 in.) was assunmi.  ‘1’his
was dctcrlliit)cd from ti)c RI: analysis of required rnirlot
shapes. ‘Jhc n~aximum calculated value was ~ 0.125 in.
A factor of 2. lnargin of s:ifc[y should bc more that)
suff]cicnl  for both mechanical and RF c.orlsidcration.  A
two slalion test flxlurc was buill an(i a mir[or was
instal]cli,  cornplctc  witi) allachmcnt fixture an(i hold-
downs.  IIy using a picz.c-crystal  loa(i cc.li an(i a dial
iri(iic.ator, it was possible to (icftctt  the mirror by Iilc
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rcquir-cd amorrn[  to measure the force which would bc
On lhc aclualor. By knowing this spring rate and using
the assumed maximum deflection, a force was identified
as a maximum operational forcti  1.35 N (6 lbs) at 6.35
mm (0.25 in.).

Using the same tw~station  test fixture, the spring
ram of the atlact uncnl location was first measured. Ihcn
dCfkZliOI)  was lllC2SUrCd as the aCILla[C)r drove tbc mirror
10 cxtrcmcs of travel. I“hcse mcasurcmcnts were used
to validate the force.

Before the actuator design was finaliz,cd,  the dcvicc
was programmed and allowed to operate for a number
of cycles. ‘1’hc stroke of the acluator was increased in
five siagcs,  beginning wi[h ~ 0.050 inches for the
cxluivalcnt  of 199 years of operation, up to ~ 0.250 inchm
for 11.3 years of cquivalcrrl  life. Our concern was
possible fatigue failures of the aluminum, the bonding
adhesive, or the achrator attachrncn[  slud.

Wi[h 16 actuators, the chance of a single ac[ua[or failure
is 16 tin)cs as grca[ as wit~l a single actuator, al,d a
single actua(or  failure could rcrrdcr  the crrtirc  rnirlor
inoperable. The crrtirc systcn- achrator through surface
pm.]-  mrrsl have a high dcgrcc  of reliability. Rcliabili[y
was addressed by careful selection of the, actuator vendor.
‘l?Ic vendor chosen, lndus[rial  Drives corlrora[ion  (11X),
built 2.000 acluamrs to drive N R A O  antrmrla rcftcc[or
panels. NRAO designed an cxtcnsivc kStiJl~ program,
s[arling initially with every actuator marrufac[urcr  in the
LJS. J} ’I, rcvicwcd the failed actuators and the J 1~
prototypes. It was clear that the design and workmanship
of the ] I X dcvicc was superior. on that basis, 11X
dcviccs arc currently used on all dcformab]c mirror
projects.

‘l”tic full lab assembly (shown in I;igurc  1) uses a
2.7-in.-diamctcr, 0.040 -in. -t}lick aluminum plate for the
{ic.formab]c flat plalc. 31]c surface is ccmtro]lcd  by 14
actuators laalezt as shown in Figure 2. Each actuator is
monitcmxt with an I,VI}-J’ attached with a flexible arm.
All hardware is mounted to a base p]a[c so that fi)c
dc.formable flat plalc is only in con[acl wit}] the ac[uators.

lU!NJl:4’smMm

An initial plate was constructed with only 14 of the
16 actualors shown in Figure 2. I“hc missing actuators
were the onc,s at the y = -11.5 inches, and y = 1 I. S-inch
posit ion. q’his was the original output of the analysis
for actuator placcmcnt  optim i~,at ion rout inc and was
based ul)on Ihc desire to corlcct  a typical rcflctor
distortion pat tern derived from rncasured  SLlrfaCC  data.4
Using the dcsircxt surface, which is calculated to correct
the RF pattern, and the prcdictcd  surPacc from LIIC
arlalysis an RMS surface deviation of ().003 in RMS
was  anlicipalcd.

The actual plate (using the prcdictcd  actuator
locatioJls)  was measured to bc 0.032 -ir~. RMS,  a
sigllificarlt error. Ilxalnining the contour indicated t}mt
there were significant deviations along the plus and
minus y axis, hcncc tJIc addition of the two additional
actuators. Using the 16 actuator p]atc, the (prcxlictcd-
dc,sircd)  surface RMS error was 0.003 in. and the
(desired mcxisurcd)  RMS error was 0.007 in. ‘1’hc
prcdictcd and mcasrucd contours arc shown in Figure 3.
‘ibis is the ICVC1  of RMS surface error that is nccrxsary
to achicvc the nccc-ssary RF pcxformancc  improvcmc.nt.

lWllJwWQIL!

“I”hc rc.wrl (s from the two-s[atic  I] dcvicc indic.atcd
thal the Cornponcnt$  selcztcd to assemble. the full I)IJP
wc.rc. rcliab]c and cost cffectivc. A 16-actuator DFf’
was as.scmb]cd  and tcstc(i wit}l  results that indicated the
1 )l;}’ would rnczt the RI; performance irrlprovcmcnt
objcclivcs. LJsir]g  the n)casured  pla[c deformation and
actuator forces, the analytical model used in the
OJ)linlizrliorl  rorrtinc  can be adjustccl  to more accuratc]y
rcprc.scrrt  the systcm. Orrcc the diffcrcncc in prcdic[cd
and Immsur-cd  Icsu]ts arc rcduccd,  lhc. actuator j)hlccrllc]lt
for the 34-m }IWG  al]tcnr]a  1 )l;l’ will 1X calculatc~i.
“J “hc placcmcnt  pattern for tJIc antenna is cxpwtcd  to
differ from that of the initial asscmb]y  for two reasons.
I:ilst, the anlcnna 1~}:1’  will be installed at a 30° angle
so the combina[ioll  of compensating for thcf desired
Contour along with gravitatior]al  loading of the plate
itself  will alter the overall shape. Secondly, as the
arltc.nna  reflector travels iri elevation, the l)I~P
rc~juirc,mcnts will chan~c so the actua[or  placcmcnt  will
be optimi~.cd for a family of contours rathc.r than a single
contour. ‘lhc comp]clc.d  asscmb]y will be ins~?llcA in
the 34-meter BWG antcrma  and antenna performarrcc
measurements will bc made. to assess the 1)1;1’
cent Iibrrtion.  LJpon comp]c.t ion, effort wi] I bc dirwtcd
toward installing a I)J~l’ on the 7(kmctcr  ante.rma.
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Figure 1. Full Laboratory Assembly
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